To contribute to the understanding of deep-sea planktonic communities, we explored the prokaryotic diversity of a 3000 m deep site at the Antarctic Polar Front using molecular methods. Bacterial 16S rDNA-amplified sequences corresponded to the as yet uncultivated groups SAR11, within the K-Proteobacteria, and SAR324, within the N-Proteobacteria, as well as to the Q-Proteobacteria, Cytophagales, Planctomyces, Gram-positives, and the group of environmental sequences SAR406. Among them, Q-proteobacterial sequences were the most abundant and diverse. Within Archaea, and using six different primer sets for 16S rDNA amplification, only euryarchaeotal sequences were retrieved. Most of them clustered with the Thermoplasma-related marine groups II and III, but some corresponded to a recently described group of marine sequences emerging at the base of haloarchaea. Our data suggest that Q-Proteobacteria and Euryarchaeota may be dominant elements in terms of genetic diversity of the two prokaryotic domains in this deep-sea pelagic area. ß
Introduction
Molecular techniques based on the direct ampli¢cation of ribosomal 16S RNA genes from the environment have been used extensively to characterize microbial diversity of marine picoplankton [1^3] . Depth is one of the major factors a¡ecting the community structure, which varies even within the ¢rst few hundreds of meters [4^6] . However, the marine prokaryotes inhabiting the water column below 1000 m are still largely unknown. Most studies on deep oceanic microbial diversity have been carried out in hydrothermal vent regions [7, 8] , or deep-sea sediments [9^11] , including the bottom of the Mariana Trench at 10 898 m deep [12^14] . In a microbial diversity study of 1000 m and 3000 m deep Atlantic and Paci¢c waters, Fuhrman and Davis [15] analyzed partial 16S rDNA sequences ampli¢ed using universal primer pairs. They found a large number of archaeal sequences (about 50%). Most of them belonged to the archaeal marine group I (Crenarchaeota), but some clustered with the Thermoplasma-related marine group II (Euryarchaeota) and with a novel group (marine group III) that was closely related to the latter. The remaining 50% of clones corresponded to bacterial sequences which were mainly a¤liated to the uncultured SAR11 cluster, Q-Proteobacteria (most of them closely associated to the cultivated species Alteromonas macleodii), and then a few clones mostly associated with uncultured phylotypes. The ¢nding of a larger proportion of crenarchaeotal clones at 1000 and 3000 m deep [15] appeared to con¢rm various studies in more super¢cial waters [4^6] . Also quantitative studies based on £uorescent in situ hybridization (FISH) with speci¢c probes in Californian Paci¢c samples extended this observation to, at least, 1000 m deep (Crenarchaeota were detected down to 3400 m) [16] . More recently, Karner et al. [17] carried out a quantitative study using FISH in the Paci¢c ocean from the surface to 4750 m depth. In contrast to previous studies, these authors showed that Euryarchaeota were equally abundant at all depths of the water column, but they found that Crenarchaeota were more abundant in deep pelagic regions accounting for up to 30% of the microbial biomass. Since most microbial lineages appear to be ubiquitous in di¡er-ent oceanic regions [5] , the idea of a general larger diversity of Crenarchaeota over Euryarchaeota in the deep sea could be put forward. However, microbial diversity data on di¡erent deep pelagic oceanic regions are still scarce, and hence this statement needs to be validated.
In an attempt to characterize the planktonic community thriving in deep oceanic waters, we have analyzed the prokaryotic diversity of a site located at 3000 m deep in the Antarctic Polar Front. From our data, bacterial diversity appears larger than archaeal diversity at this depth and location, with a more important presence of Q-Proteobacteria. However, unlike previous studies, we detected exclusively euryarchaeotal sequences, which were indeed diverse, ascribing to marine groups II and III, and to a novel haloarchaeal-related clade (marine group IV).
Materials and methods

Sample collection
Samples used for this study were collected in Niskin bottles attached to a rosette and a conductivity-temperature-depth sensor. The sampling was carried out in December 1998, during the Spanish oceanographic campaign DHARMA 98 (He052 ; http://www.ugbo.csic.es). Samples used in this study were: DH129 (2000 m) and DH130 (3000 m) at 56³18P57Q S, 57³9P45Q W; DH138 (2000 m) and DH139 (3000 m) at 57³31P45Q S, 56³52P48Q W; DH147 (2000 m) and DH148 (3000 m) at 59³19P48Q S, 55³45P11Q W, along a transect in the Drake passage between the Antarctic Peninsula and South America; and DH186 (500 m) and DH187 (680 m) at 64³18P18Q S, 61³55P43Q W located in the Gerlache Strait (Fig. 1) . Sample DH148, which was collected at 3000 m deep, sea £oor at 3671 m, was chosen for a detailed diversity study.
Nucleic acid extraction
A volume of 30^35 l seawater was pre-¢ltered through a nylon mesh, and then ¢ltered through a 5 Wm pore size polycarbonate ¢lter. The remaining microbial biomass was collected with 0.2 Wm pore size Sterivex ¢lter units (Durapore, Millipore). The Sterivex units were ¢lled with 1.8 ml of lysis bu¡er (40 mM EDTA, 50 mM Tris^HCl, 0.75 M sucrose) and stored at 320³C. After a ¢rst lysis step using 1 mg ml 31 lysozyme and incubating at 37³C for 30 min, we added 50 ng ml 31 proteinase K and 1% sodium dodec- yl sulfate (¢nal concentrations), and let lysis proceed at 55³C for 2 h. Nucleic acids were extracted with phenolĉ hloroform^isoamyl alcohol, and then desalted and concentrated using a Centricon-100 system as previously described [4] . DNA yields were quanti¢ed by a Hoechst dye £uorescent assay [18] . 30 s, extension at 72³C for 2 min) preceded by 2 min denaturation at 94³C, and followed by 5 min extension at 72³C. Archaeal and bacterial ¢ngerprints were obtained by direct digestion of 15 Wl of the respective PCR products with 10 U of the frequent cutters HinfI, RsaI, TaqI and HaeIII (Gibco BRL, Life Technologies). Endonuclease digestion was allowed to proceed overnight. Restriction fragments were fractionated by electrophoresis in 2.5% low melting point agarose (NuSieve GTG, FMC) gels. Gels were stained with ethidium bromide and photographed under UV light.
Construction of environmental 16S rDNA libraries and sequencing
Environmental 16S rRNA genes were ampli¢ed using speci¢c primers for Archaea and Bacteria (Table 1) , under the same PCR conditions as above. rDNA clone libraries were constructed using the Topo TA Cloning system (Invitrogen). After plating, positive transformants were screened by PCR ampli¢cation of inserts using £anking vector primers. Initially, 20 expected-size amplicons per library were cleaned using the QIAquick PCR puri¢cation system (Qiagen). Depending on the diversity of sequences determined for each library, further clones were analyzed. A total of 50 clones were sequenced for Bacteria, and 175 for the Archaea. Cleaned PCR products were directly partially sequenced in an ABI Prism 377 apparatus (PerkinElmer Applied Biosystems) using the ABI Prism dRhodamine terminator cycle sequencing ready reaction kit with primer B1055 for bacterial clones, and with either primer 1A or S for archaeal clones (Table 1) .
Phylogenetic analysis and sequence accession numbers
The sequences obtained were compared to 16S rRNA sequences available in the GenBank from the National Center for Biotechnology Information database by BLAST search [19] . Clone sequences were checked by the Ribosomal Database Project CHECK_CHIMERA tool to avoid inclusion of artifactual sequences in our analysis [20] . Sequences were aligned manually, and the respective neighbor-joining (NJ) trees generated using the programs ED and NJ from the MUST package [21] . Gaps and ambiguously aligned positions were excluded from our analyses. Maximum-parsimony (MP) analyses were carried out using the program PAUP 3.1 [22] . The maximum-likelihood (ML) tree was constructed with the program NUCML from the MOLPHY 2.3 package [23] using a heuristic quick add OTUs search with a Tamura and Nei substitution model [24] and default values. NJ and MP bootstrap proportions were estimated using 1000 replicates. ML bootstrap proportions were estimated using the RELL method upon the 1000 top-ranking trees [25] . Sequence accession numbers are AF257302 (DH148-Z18), AF257301 (DHB-53), AF257300 (DHB-52), AF257292 (DHB-2), AF257293 (DHB-45), AF257294 (DHB-31), AF257291 (DHB-9), AF257290 (DHB-6), AF257289 (DHB-41), AF257282 (DHB-32), AF257281 (DHB-8), AF257286 (DHB-12), AF257285 (DHB-33), AF257298 (DHB-34), AF257299 (DHB-39), AF257295 (DHB-1), AF257296 (DHB-43), AF257297 (DHB-3), AF257278 (DH148-W24), AF257277 (DH148-W1), AF257279 (DH148-Y16), AY016006 (DH148-W23), AY016005 (DH148-W17), AY015997 (DH148-A7), AY016004 (DH148-W16), AY016001 (DH148-W9), AY016002 (DH148-W10), AY016000 (DH148-W3), AY015999 (DH148-A18), AY015998 (DH148-A14), and AY016003 (DH148-W15). All our alignments are available upon request.
Results
RISA of archaeal and bacterial communities from di¡erent deep-sea Antarctic locations
As a ¢rst approach for an overall evaluation of the microbial diversity occurring at deep-sea regions, we analyzed the restriction fragment length polymorphisms of archaeal and bacterial intergenic 16S^23S rDNA spacer regions ampli¢ed from di¡erent deep-sea samples. The 16S^23S rDNA intergenic spacer is highly variable in sequence, length, and presence/absence of tRNA genes, even at species level [26, 27] . Hence, its analysis could be an appropriate means to estimate the level of diversity exist-ing at these sites, since deep waters are thought to be inhabited by few and ubiquitous phylotypes, this trend being particularly remarkable for Archaea [5, 15] . We analyzed samples collected at two depths, 2000 and 3000 m, from three di¡erent sampling points located in a transect across the Drake Passage, corresponding to a transition from the Southern to the South Atlantic ocean (Fig. 1) . Two additional samples from depths of 500 and 680 m a Only the sequences used for the construction of the tree in Fig. 4 are shown.
taken at the Gerlache Strait, closer to the Antarctic mainland, were included in our analysis (see Section 2). Archaeal and bacterial PCR ampli¢cation products, corresponding to the last portion of the 16S rDNA and the contiguous intergenic spacer, were digested with di¡erent endonucleases, and the restriction fragments separated by electrophoresis. From the resulting restriction patterns (Fig. 2) , two observations can be made. First, the bacterial diversity is larger than the archaeal diversity. Second, the restriction patterns for Archaea are identical for the samples from the two northerly latitudes across the Drake passage, towards the South Atlantic ocean, and clearly distinct from the Gerlache patterns. Interestingly, the 2000 and 3000 m deep samples from the Antarctic Polar Front have a combined pattern of northerly and southerly latitudes. This is not clearly seen for Bacteria, which appear to have more homogeneous pro¢les (Fig. 2) . Therefore, we chose to further analyze the deepest sample collected at the Antarctic Polar Front, since it appeared to bear a mixed population of Archaea with representatives in common to the other sampling sites.
Bacterial diversity at 3000 m deep at the Antarctic Polar Front
One environmental 16S rDNA library for Bacteria was constructed using the primers ANT1 and S (Table 1 ). A second library was generated from the products used for RISA (last portion of the 16S rRNA gene plus the intergenic spacer) derived from ampli¢cation with the primers B1055 and 23S0R (Table 1 ). Our study of the bacterial diversity was therefore limited to the last portion of the Fig. 3 . 16S rDNA-based phylogenetic tree showing the diversity of bacterial clones obtained from 3000 m deep at the Antarctic Polar Front. The tree is unrooted and was inferred by maximum likelihood of partial sequences (314 unambiguously aligned positions without gaps were used). Bootstrap proportions were estimated using 1000 replicates; only values concerning the new environmental sequences and those above 50% are shown. The scale bar corresponds to ¢ve substitutions per 100 positions for a unit branch length. The environmental sequences produced in this study are in bold. Unc., uncultured; proteo, proteobacterium. Accession numbers for the environmental phylotypes retrieved from databases are included. 16S rRNA gene to be able to compare the clones obtained from both libraries. All the 16S rDNA sequences were obtained using B1055, and have a maximal length of 600 nucleotides, with the exception of clone DHB-2 which was completely sequenced as an internal test of our phylogenetic analysis (see below) ( Table 2 ). The closest relative sequences in the database were identi¢ed by BLAST [19] and retrieved. The results obtained from these searches are shown in Table 2 . We subsequently constructed phylogenetic trees using NJ, MP, and ML methods of phylogenetic inference. All trees were congruent. An ML tree is shown in Fig. 3 . Only 314 positions were used after removal of gaps and ambiguously aligned positions. To test whether this short length could be a limiting factor for the reliability of the new phylotype's positions, we completely sequenced one of the bacterial clones, DHB-2, and repeated the phylogenetic analysis. The result was equivalent to that obtained with the shorter sequence (data not shown). Additionally, the statistical support for the novel branches is generally high, indicating robust a¤liations with their closest neighbors (Fig. 3) . Therefore, for the descriptive purpose of this study, the use of this sequence length appeared to be su¤cient.
In accordance with previous studies on deep-sea planktonic diversity [15] , a larger diversity of bacterial sequences compared to Archaea (see below) was detected that was clearly dominated by proteobacterial sequences, mostly from the Q subdivision (Fig. 3) . Some of these clones clustered with members of the genera Shewanella and Colwellia. These genera are common in the deepest oceanic regions and contain barophilic species [12, 14] . Similarly, members of the K-and N-Proteobacteria, Cytophagales, Planctomycetales and the marine group SAR406 were detected. Their closest relatives were often sequences from marine uncultured Bacteria, indicating their widespread occurrence in the sea. Moreover, many of our clones were only related to environmental sequences without cultivated representatives. This happens at least in four clear cases. First, all the phylotypes ascribing to the K-Proteobacteria clustered with SAR11, widely distributed in di¡er-ent oceans and water depths [1, 28, 29] . Second, all our N-proteobacterial sequences clustered with SAR324, which constitutes a novel subdivision within the N-Proteobacteria [30] . A third example is the sequence clustering with SAR406. Finally, within the Q-Proteobacteria, a cluster of sequences related to the uncultured marine bacterium ZD0417 was identi¢ed, which is only related at a level of 87% similarity to the closest cultivated bacterium retrieved by BLAST search, the alkaliphilic and extremely halotolerant bacterium Alcalilimnicola halodurans (Yakimov et al., personal communication) (Fig. 3) .
Clone DHB-3 a¤liated to the Cytophaga-Flavobacterium cluster, which is usually detected in marine waters, being indeed very abundant in surface Antarctic waters accounting for up to 72% of the bacterial community [31] . Our clone DHB1 was a¤liated to the Planctomycetales which are, in contrast, rarely detected in seawaters [31] . Additionally, we obtained a Gram-positive sequence clustering with known marine bacilli using a primer set speci¢cally designed for Archaea (Fig. 3, and see below) . This may not be surprising, since a weak cross-reactivity of Bacteria with speci¢c probes for group II Euryarchaeota has already been observed [16] .
Archaeal diversity at 3000 m deep in the Antarctic Polar Front
A ¢rst survey of the archaeal diversity was carried out from a library constructed using primers 21F and S ( Table  1 ). The diversity of archaeal clones detected by ampli¢ca-tion with the primer set A (21F+S) was very limited (Tables 2 and 3). All clones obtained were identical or nearly identical (the di¡erences among the di¡erent clones retrieved were less than 1%). One of the sequences was exactly the same as that of pN1-2, a genuine representative of group II Euryarchaeota retrieved from a depth of 3000 m in the Paci¢c [15] (not shown). A restricted archaeal diversity was expected from the RISA patterns previously generated, but it was surprising that no crenarchaeotes were detected, especially because they appear to be common inhabitants of abyssal regions [13,15^17] . Thus, to overcome possible bias due to the use of a single primer combination, we subsequently ampli¢ed 16S rDNA genes using ¢ve additional primer sets speci¢c for Archaea (Tables 1 and 3). All the forward primers overlapped approximately the same rDNA region, but they were degenerated to di¡erent extents.
Using these additional primer sets, we obtained a more considerable diversity of clones, although the majority were closely a¤liated to group II Euryarchaeota (Table   Table 3 Number and type a of di¡erent archaeal clones obtained from sample DH148 with di¡erent primer sets Fig. 2 ).
3). As in the case of clones A, clones X were very similar to each other with, in general, less than 1% nucleotide di¡erence, and their closest relative was the marine group II euryarchaeote SB95-72 from the Santa Barbara Channel [4] (not shown). Clones W covered a wider diversity spectrum. Some of them were closely related to pN1-2 and SB95-72, although with a higher degree of variability than that exhibited by A and X sequences, but others appeared to be more divergent. In particular, DH148-W24 clustered with the deep-sea clones pN1-73 and p712-3 that de¢ne group III Euryarchaeota (Fig. 4) [15] . DH148-W24 and two additional divergent clones, DH148-W1 and DH148-Y16, were fully sequenced and their phylogenetic positions determined by ML analysis [32] . DH148-W1 and its close relative DH148-W23 also belong to marine group II Euryarchaeota, being closely related to the environmental clone OARB [32, 33] . OARB is not displayed in Fig. 3 , because this partial sequence corresponds to the opposite 16S rDNA end to that used for the partialsequence tree shown here. DH148-Y16 was the representative of a newly detected set of sequences (designated marine group IV) unrelated to current Thermoplasma-related groups II and III, which emerges at the base of haloarchaea and is widely distributed in deep oceanic regions [32] . Interestingly, although most clone Z sequences were also closely related to clone X sequences (100% identical in many instances), one of them was a¤liated to the newly detected group IV, and another corresponded to a Grampositive marine Bacillus-like sequence (Fig. 3) . It may be important to note that, whereas the identity of group II was always solidly supported, the rest of the Thermoplasma-related branches including group III (pN1-73, p712-3, DH148-W24), and several sequences retrieved from deepsea sediments, such as the KTK clones 4A and 9A [9] , varied their relative positions depending on the method of phylogenetic inference used ( [32] and this study). Therefore, more environmental sequences would be required to , and the type sequence for marine group IV (DH148-Y16), which was obtained from a third library generated with alternative primer pairs, are included in this tree. The rest of libraries generated in this work produced sequences highly similar to the group II Euryarchaeota phylotypes shown here. Unc., uncultured. Accession numbers for the environmental phylotypes retrieved from databases are included.
determine the precise phylogenetic position of group III, and its relationship with other deep-sea sequences.
Discussion
The prokaryotic diversity revealed by our 16S rDNA analysis of a 3000 m deep station at the Antarctic Polar Front is in agreement with a larger variety of bacterial, compared to archaeal, lineages in the ocean. This trend is also observed in a RISA analysis of di¡erent deep-sea Antarctic locations (Fig. 2) , allowing a general overview of the prokaryotic diversity. This observation is further sustained by the fact that a larger bacterial diversity is obtained from two environmental libraries not exhaustively explored (rarefaction analyses indicate that saturation has not been reached yet for the bacterial clones, suggesting that new phylotypes could be detected in the future), whereas a limited, although important, archaeal diversity was recurrently retrieved from six di¡erent libraries (Table 3) .
In general, there is a consistent retrieval of prokaryotic phylotypes a¤liated to groups escaping cultivation (several of them appear autochthonous in seawater). Retrieval of unculturable non-thermophilic environmental archaeal groups represents a similar trend, as does the retrieval of K-proteobacterial SAR11, one of the earliest described groups of marine bacteria based on sequence data, initially described by Giovannoni et al. in the Sargasso sea [1] . SAR11 sequences have been identi¢ed in di¡erent seas and at di¡erent depths, including Antarctic surface waters [28, 29, 34] . The discovery of SAR11 sequences in deep-sea Antarctic waters con¢rms the ubiquity of this cluster in the sea and also at di¡erent depths of the water column. Also within the Bacteria, we detected phylotypes belonging to the as yet uncultured group SAR406, which has been detected in Atlantic and Paci¢c waters [35] , and to an apparently distinct cluster within the Q-Proteobacteria grouping clones DHB-2, DHB-45 and the uncultured phylotypes ZD0417 and ZD0418 (Fig. 3) . This ¢nding extends the observation of these lineages to deep-sea locations. In addition, our results con¢rm the presence of the new subdivision represented by group SAR324 within the N-Proteobacteria. This cluster was identi¢ed in Atlantic and Paci¢c oceans and was shown to be strati¢ed below the surface layer, with maxima between 160 and 500 m depth [30] . Our clone DHB-39 corroborates the occurrence of this group in far deeper waters of the Antarctic area (Fig. 3) , reinforcing the idea of an association of SAR324 with lower water masses.
Also interesting is the ¢nding of one Planctomyces-like sequence. Planctomycetales are common members of freshwater ecosystems and have also been found associated with marine sediments [36] and bacterial macroaggregates [37] . Fuhrman and Davis [15] reported possible planctomycete sequences also from deep sea (3000 m deep) samples, but with an unstable branching pattern in phylogenetic trees. Glo « ckner et al. [31] detected Planctomyces-related organisms by FISH in both freshwater and marine waters, but their abundance was 6 7%. This could be an explanation for the failure to detect them by cloning analysis. Our clone DHB1, which most likely corresponds to free-living organisms since our samples were pre¢ltered through 5-Wm ¢lters to eliminate aggregates, con¢rms the presence of this bacterial group in deep-sea open waters.
Similarly to other latitudes, deep waters tend to contain more Q-Proteobacteria and fewer K-Proteobacteria than super¢cial waters. However, some of the groups of phylotypes detected here are not highly similar to those detected in other studies carried out at di¡erent latitudes. Conversely, A. macleodii-related sequences, which seem highly prevalent in deep waters in warmer latitudes [15] , were not detected here. This particular cluster of sequences seems less prevalent in the surface of colder latitudes (Garc|a-Mart|nez and Rodr|guez-Valera, unpublished). Although it is assumed that the environmental parameters do not vary greatly at large depths regardless of geographical position, the surface conditions do vary greatly and could give rise to important variations in the nutrient regime and other factors in deeper waters. An alternative explanation could be that the nature of the physico-chemical conditions of the deep-sea water mass in this area (which may or may not be directly related to the surface conditions at the same latitude) could be associated with di¡er-ences in the microbial community structure.
In our study, we have detected exclusively euryarchaeotal sequences. Many of these sequences were nearly identical to group II euryarchaeotal sequences retrieved in other oceanic regions, which attests to their ubiquity. On the other hand, this result is in apparent contradiction to previous reports on the scarcity of group II Euryarchaeota in Antarctic waters [5] , and on the dominance of Crenarchaeota at depth. Several qualitative and quantitative studies appear to indicate that group II Euryarchaeota are more abundant in surface waters (less than 40 m), whereas Crenarchaeota dominate in deeper water. Although most of these works have been carried out in the upper part of the water column (0^50 or 0^200 m) [4, 6] , Crenarchaeota have been ampli¢ed from deeper waters [5, 15, 16] . Nevertheless, a recent FISH study by Karner et al. [17] contradicts previous reports on the predominance of Euryarchaeota in surface waters, since they found equivalent proportions of these phylotypes at the surface and down to 4750 m depth in the Paci¢c. In accordance with previous studies, these authors found a larger proportion of Crenarchaeota in deep regions [17] . This apparent discrepancy of our results could be, in principle, explained by ampli¢cation bias. However, since we used six di¡erent archaeal-speci¢c primer sets for library construction, which even allowed us to amplify previously undetected lineages (marine group IV) ( [32] ; this study), our results could instead re£ect a prevalence of Euryar-chaeota at this depth and location. Nevertheless, we cannot exclude the possibility that we are underestimating the actual diversity due to technique-induced bias at di¡erent steps. In any case, regardless of their abundance, the diversity of euryarchaeotal sequences seems larger than that of crenarchaeotal sequences in the deep ocean, since three distinct Euryarchaeota lineages have been detected there (groups II, III, and IV), whereas the marine Crenarchaeota cluster in a single group (group I).
All the above possible explanations are not mutually exclusive. Our results reinforce the idea that much more caution would be desirable not only to describe microbial diversity by molecular approaches, but also to extrapolate conclusions from a given depth, season or location to others. More descriptive data are needed, particularly from the deep sea. There may still be a long way before we understand the global dynamics of microbial populations in the sea.
